We report a novel SPAG9 (sperm-associated antigen 9) protein having structural homology with JNK (c-Jun N-terminal kinase)-interacting protein 3. SPAG9, a single copy gene mapped to the human chromosome 17q21.33 syntenic with location of mouse chromosome 11, was earlier shown to be expressed exclusively in testis [Shankar, Mohapatra and Suri (1998) Biochem. Biophys. Res. Commun. 243, [561][562][563][564][565]. The SPAG9 amino acid sequence analysis revealed identity with the JNK-binding domain and predicted coiled-coil, leucine zipper and transmembrane domains. The secondary structure analysis predicted an α-helical structure for SPAG9 that was confirmed by CD spectra. Microsequencing of higher-order aggregates of recombinant SPAG9 by tandem MS confirmed the amino acid sequence and mono atomic mass of 83.9 kDa. Transient expression of SPAG9 and its deletion mutants revealed that both leucine zipper with extended coiled-coil domains and transmembrane domain of SPAG9 were essential for dimerization and proper localization. Studies of MAPK (mitogenactivated protein kinase) interactions demonstrated that SPAG9 interacted with higher binding affinity to JNK3 and JNK2 compared with JNK1. No interaction was observed with p38α or extracellular-signal-regulated kinase pathways. Polyclonal antibodies raised against recombinant SPAG9 recognized native protein in human sperm extracts and localized specifically on the acrosomal compartment of intact human spermatozoa. Acrosome-reacted spermatozoa demonstrated SPAG9 immunofluorescence, indicating its retention on the equatorial segment after the acrosome reaction. Further, anti-SPAG9 antibodies inhibited the binding of human spermatozoa to intact human oocytes as well as to matched hemizona. This is the first report of sperm-associated JNK-binding protein that may have a role in spermatozoa-egg interaction.
INTRODUCTION
Successful fertilization requires a precise series of cell-cell interactions between gametes [1] [2] [3] [4] [5] . The sperm surface is covered by a continuous plasma membrane that is divided into distinct domains in which functional molecules are distributed. These domains represent the compartmentalization of functions such as motility, energy production and spermatozoa-egg interacting regions [6] . Sperm surface molecules on the plasma membrane are involved in the recognition of the zona pellucida protein during the early process of spermatozoa-egg interaction (primary binding) [7] . The anterior acrosome located at the anterior head participates in the acrosome reaction, which is an indispensable event during fertilization [4] . Knowledge of the components of the acrosomal membranes and matrix is essential to understand the biology of acrosomal functions including the fusion of the outer acrosomal membrane with the plasma membrane during the acrosome reaction, the interaction of the inner acrosomal membrane with zona pellucida during penetration of the zona (secondary binding) and tertiary egg binding and fusion. Many details of sperm capacitation, spermatozoa-egg interaction and the roles of constituent proteins of the acrosome in these events are still unknown. Molecules, thus characterized as key players in these events, are candidates for targeting by rational drug design or for inclusion in a spermatozoa-based contraceptive vaccine.
In mammals, many sperm molecules display a restricted distribution that corresponds to various sperm regions and this distribution is probably critical for their function during fertilization [8, 9] . A few of the signalling molecules including G proteins, tyrosine kinases, the inositol (1,4,5)-trisphosphate receptor, MAPKs (mitogen-activated protein kinases) [10] [11] [12] , scaffolding protein JIP1 (JNK-interacting protein 1, where JNK stands for c-Jun N-terminal kinase) [13] have been found in the spermatozoa and oocyte; however, the biochemical networks that connect these molecules and their functions are poorly understood. Studies on islet brain-1/JIP1 in the unfertilized oocyte and the spermatozoa indicated that it might play a role during fertilization and may possibly be linked to the JNK pathways [13] . Recently, ERK (extracellular-signal-regulated kinase), a member of the MAPK family, was shown to be associated with human spermatozoa with a direct or indirect function in sperm capacitation [14] .
Our previous findings have demonstrated an exclusive expression of SPAG9 (sperm-associated antigen 9) in haploid round spermatid cells during spermatogenesis in the macaque [15] , baboon [16] and human [17] . By homology search in the genetic database, SPAG9 cDNA was found to be a member of Unigene cluster Hs. 129872 encoded by chromosome 17. On the basis of structural homology with JIP3, SPAG9 was earlier defined as JIP3γ scaffolding protein [18] and has been recently classified as JIP4 protein [19] . It was found that SPAG9 is structurally distinct from the previously described JIP1 [20] and JIP2 [21] proteins. The purpose of the study described in this report was to extensively characterize SPAG9 protein and to investigate a possible role of SPAG9 molecule in human spermatozoa-egg interaction.
EXPERIMENTAL

Plasmid construction
Molecular cloning of SPAG9 (GenBank ® accession number X91879) was described previously [17] . To generate the prokaryotic expression plasmid DNA, a cDNA encoding a complete open reading frame of SPAG9 (comparable with 111-2410 bp of the published SPAG9, amino acid residues from 1-766) having a JBD (JNK-binding domain), a leucine zipper domain, a coiled-coil domain (coil) and a transmembrane domain was amplified using the forward primer 5 -ATGTCCATAATTATA-TGGAACATTTA-3 , and reverse primer 5 -TAAGTTGATGA-CCCATTATTAACCA-3 . The product (which contains an NcoI site at the 5 -end and an XhoI site at the 3 -end of the sense strand) was digested with NcoI and XhoI. The NcoI/XhoI fragment was inserted into NcoI/XhoI-digested pET28b(+) vector (Novagen, Madison, WI, U.S.A.) containing multiple cloning sites and a His 6 -tag coding sequence to obtain pET28b-SPAG9. The nucleotide sequence was confirmed by automated DNA sequencing.
To generate the mammalian expression plasmid DNA, a cDNA encoding a complete open reading frame of SPAG9 (comparable with 111-2410 bp of the published SPAG9 [17] , amino acid residues from 1 to 766); a mutant SPAG9 T (SPAG9 without transmembrane domain; comparable with 111-2080 bp of the published human SPAG9, amino acid residues from 1 to 658; 108 amino acids deleted at the C-terminus, which has a predicted transmembrane domain, Figure 1A ) and a mutant SPAG9 LZ T (SPAG9 without JBD, leucine zipper and transmembrane domains; comparable with 934-2080 bp of the published human SPAG9, amino acid residues from 276 to 658; 275 amino acid residues deleted at the N-terminus, which has JBD, leucine zipper, a portion of the coiled-coil and also the 108 amino acid residues deleted at the C-terminus having its predicted transmembrane domain, Figure 1A ) were amplified by PCR with the following primers: forward 5 -ATGTCCATAATTATATGGAACATTTA-3 and reverse 5 -TAAGTTGATGACCCATTATTAACCA-3 ; forward 5 -ATGTCCATAATTATATGGAACATTTA-3 and reverse 5 -CTGTCTCTGCTGAGCTGTTGC-3 ; forward 5 -ATGCTG-TGAAGCAAGCCAAAC-3 and reverse 5 -CTGTCTCTGCTG-AGCTGTTGC-3 respectively. The products (which contain a BamHI site at the 5 -end and a KpnI site at the 3 -end of the sense strand) were digested with BamHI and KpnI. The BamHI/KpnI fragments were inserted into BamHI/KpnI-digested pcDNA 3.1/ Myc-His (Invitrogen, Carlsbad, CA, U.S.A.) vector to obtain pcDNA-SPAG9, -SPAG9 T, and -SPAG9 LZ T. The nucleotide sequences were confirmed by automated DNA sequencing.
The MAPK expression vectors JNK1, JNK2, JNK3, ERK2 and p38α were constructed in pFlag-CMV2 (Kodak, Rochester, NY, U.S.A.) and have been described previously [22] . The expression vectors were a gift from Dr K. Yoshioka (Department of Molecular Pathology, Cancer Research Institute, Kanazawa University, Kanazawa, Japan).
Analyses of protein-protein interactions in vivo
COS-1 cells were grown in Dulbecco's modified Eagle's medium supplemented with 10 % (v/v) fetal bovine serum (Life Technologies, Gaithersburg, MD, U.S.A.) in a humidified incubator (5 % COS-1 cells were co-transfected with 0.5 µg of FLAG-JNK1, FLAG-JNK2, FLAG-JNK3, FLAG-p38α and FLAG-ERK2 along with 1.5 µg of either pcDNA 3.1-Myc-His-empty vector or SPAG9. Cell lysates were immunoprecipitated using anti-SPAG9 antibody and immunoblotted with anti-FLAG monoclonal antibody to show specific interaction of JNKs. Control panels for total cell lysates are shown below. Arrow indicates the position of SPAG9 approx. 170 kDa. (E) Interaction of SPAG9 LZ T and JNKs was investigated as described above which revealed no association. Arrow shows the position of SPAG9 LZ T ∼ 43 kDa.
CO 2 ) at 37
• C. The expression vectors of MAPKs and SPAG9 or SPAG9 LZ T were co-transfected into 5 × 10 5 COS-1 cells by Lipofectamine TM procedure (Life Technologies). After 40 h, cells were harvested and lysed in a lysis buffer (50 mM Tris/ HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA and 1 % Triton X-100). Expressions of MAPKs and SPAG9 in cell lysates were probed using respectively anti-FLAG monoclonal antibody Bio-M5 (Sigma) or anti-SPAG9 antibodies raised in rats. For immunoprecipitation, rat anti-SPAG9 antibodies with Protein A-agarose beads (Sigma) were used as described in [23] . The recovered fractions were separated by SDS/PAGE. After electrophoresis, proteins were transferred on to Immobilon-P (Millipore, Bedford, MA, U.S.A.) in a Bio-Rad transblot apparatus at 70 V for 2.5 h at room temperature (22) (23) • C). To block non-specific sites, the membrane was treated with 5 % (v/v) non-fat milk, 1 % BSA and 0.5 % Tween 20 in PBS for 45 min at room temperature. Blocked membrane was probed with anti-FLAG monoclonal antibody Bio-M5 (Sigma) in Tris-buffered saline having Tween 20 (0.05 %) and visualized with the Amersham enhanced chemiluminescence detection system (Amersham Biosciences, Piscataway, NJ, U.S.A.).
Purification of SPAG9 expressed in Escherichia coli and antibody production
Plasmid pET28b-SPAG9 encoding a SPAG9 His 6 -tagged fusion was transformed in Escherichia coli BL21 (DE3) cells by standard methods. Expression of recombinant His 6 -tagged SPAG9 in bacterial culture was induced with 1 mM isopropyl β-Dthiogalactopyranoside at 37
• C for 4 h. The recombinant SPAG9 protein was purified using Ni 2+ -nitrilotriacetate resin (Qiagen, Chatsworth, CA, U.S.A.) according to the manufacturer's instructions. Antibodies to recombinant SPAG9 were raised using alum as an adjuvant in rats and monkeys.
Microsequencing of recombinant protein
The purified protein was subjected to SDS/PAGE (10 % polyacrylamide) and visualized by Coomassie Blue staining. The protein band was excised and subjected to LC-tandem MS analysis (W.M. Keck Biomedical Mass Spectrometry Laboratory, University of Virginia, VA, U.S.A). The sample was processed as described previously [24] . The spectra resulting from LC-tandem MS were analysed using Sequest (Thermoquest, Palm Beach, FL, U.S.A.) against the non-redundant and expressed sequence tag databases.
CD analysis
The recombinant protein was renatured by stepwise dialysis and was passed through a 0.45 µm filter (Millipore). The far-UV CD spectrum (JASCO-710 spectropolarimeter) of an SPAG9 protein sample (15 µM) in 10 mM Tris/HCl (pH 8.5) was recorded at 25
• C in the wavelength range of 190-250 nm.
Transfection, flow cytometry and immunofluorescence analysis
Plasmid DNA corresponding to three constructs of SPAG9 as described above and pcDNA 3.1 vector alone were purified using Qiagen DNA purification kit (Qiagen) and used for transfection of COS-1 cells by Lipofectamine TM procedure (Life Technologies). For flow cytometric analysis, COS-1 cells were seeded at a density of 3 × 10 5 cells/well in a six-well tissue culture plate 18 h before transfection. The cells were trypsinized [0.5 % trypsin (Sigma) and 0.2 % EDTA], 24 h after transfection with each of the three constructs of SPAG9 and pcDNA 3.1 vector alone, washed twice with PBS, and fixed with 0.4 % (w/v) paraformaldehyde in PBS followed by all washings and incubations with rat anti-SPAG9 antibodies followed by goat anti-rat IgG-FITC conjugate (Jackson ImmunoResearch, West Grove, PA, U.S.A.). After the final wash, cells were resuspended in PBS and samples were run on an Elite ESP flow cytometer (Coulter Electronics, Hialeh, FL, U.S.A.) and data analysed using WinMDI (version 2.8) software. Cells stained with just secondary antibody were used to account for the background fluorescence. Flow cytometric analysis was performed as described previously [25] . Cell surface and intracellular localization of SPAG9 and deleted mutant proteins in COS-1 transfectants was examined by fluorescence immunostaining by indirect immunofluorescence microscopy. For staining of cell surface SPAG9 protein, media were removed and cells were incubated with rat anti-SPAG9 antibodies for 2-4 h at 37
• C followed by goat anti-rat IgG-FITC conjugate (Jackson ImmunoResearch). For evaluation of intracellular SPAG9 protein localization, cells were fixed with 3 % paraformaldehyde, permeabilized with 0.5 % Igepal (Sigma) [26] and processed for immunostaining as described above. The stained cells were observed and photographed with ECLIPSE, E 400 Nikon microscope (Nikon, Fukok, Japan).
Gel electrophoresis and immunoblotting
SDS/PAGE was performed by the method of Laemmli [27] . Denatured polyacrylamide gels (10 %, v/v) under reducing conditions were used for analysing the cell lysate, culture medium, E. coli expressed proteins and HSE (human sperm extract). The protein solution was diluted with one volume of sample buffer [62 mM Tris/HCl, pH 6.8, 2 % (w/v) SDS, 5 % (w/v) 2-mercaptoethanol, 10 % (v/v) glycerol]. The samples were heated in boiling water for 5 min and loaded on to a 10 % polyacrylamide gel. After electrophoresis, proteins were transferred on to nitrocellulose membranes in a Bio-Rad transblot apparatus at 70 V for 2.5 h at room temperature. To block non-specific sites, nitrocellulose paper was treated with 5 % non-fat milk, 1 % BSA and 0.5 % Tween 20 in PBS for 45 min at room temperature. The blocked membrane was probed with primary antibody (anti-SPAG9 antibody raised against recombinant hSPAG9 in rat) and subsequently with goat anti-rat IgG horseradish peroxidase (Jackson ImmunoResearch) as secondary antibody. The blot was developed with 0.05 % 3,3 -diaminobenzidene (Sigma). Specificity of anti-SPAG9 antibodies for native SPAG9 in HSE was determined by competition experiment, which included recombinant SPAG9 (15 µg/ml) in the incubation with the primary antibody in immunoblotting procedure. To check for the presence of secreted SPAG9, cell culture supernatants were trichloroacetic acid precipitated. Immunoblotting analysis was performed as described above. Urea/PAGE was used to analyse the recombinant protein. The sample was diluted with one-half volume of sample buffer having 8 M urea, 240 mM Tris/glycine, 0.5 M EDTA, 0.1 M dithiothreitol. The sample was boiled for 3 min, centrifuged at 1250 g for 5 min and loaded on to the gel containing 8 M urea [7 % (v/v) resolving gel and 3.5 % (v/v) stacking gel]. The gel was run in 240 mM Tris/glycine buffer at 290 V and stained with Coomassie Blue.
Indirect immunofluorescence assay
Semen samples were collected from healthy donors and liquefied for 30 min at 37
• C. The spermatozoa were washed twice in Bigger-Whitten-Whittingham medium and centrifuged at 800 g for 10 min. The motile spermatozoa were collected by standard swim-up technique as described in [25] . Briefly, 20 × 10 6 spermatozoa fixed in methanol were incubated for 2 h at room temperature with (a) rat anti-hSPAG9 antibodies; (b) with preimmune serum and (c) with neutralized serum [neutralization experiment was performed by including recombinant hSPAG9 (15 µg/ml) in the incubation with the primary antibody] all at the same dilution of 1:500. Samples were washed and incubated with 1:2500 dilution of goat anti-rat IgG-FITC conjugate (Jackson ImmunoResearch) for 1 h at room temperature. After washing, the spermatozoa samples were observed under Nikon microscope with epifluorescence.
Immunoelectron microscopy
Human spermatozoa samples were fixed and prepared for immunoelectron microscopy as described previously [25] . Sections were treated with preimmune serum/neutralized serum [neutralization experiment was performed by including recombinant SPAG9 (15 µg/ml) in the incubation with the primary antibody] or anti-SPAG9 antibodies, washed and then incubated with rabbit anti-rat IgG labelled with 10 nm gold particles (Polysciences, IL, U.S.A.). These sections were observed with a JEOL × 100C electron microscope.
Human zona pellucida binding assay using intact oocytes
This assay and hemizona assay were performed according to the guidelines of the Japan Society of Obstetrics and Gynecology. In addition, all experiments using human oocytes and spermatozoa were performed under the patient's informed consent. Human oocytes that had failed to fertilize in standard in vitro fertilizationembryo transfer treatment because of severe male infertility factor were stored at − 196
• C in SWM (sperm-washing medium; Irvine Scientific, Santa Ana, CA, U.S.A.) supplemented with 1.5 M propandiol, 0.1 M sucrose and 10 % (v/v) cord serum after informed consent from donors was obtained. Before freezing, it was confirmed that all the oocytes had extruded the first polar body, but not the second one, suggesting that they were in metaphase II stage but not fertilized. Preparation of spermatozoa for these experiments was isolated from semen samples obtained from fertile healthy donors. After liquefaction, semen was centrifuged and washed twice in SWM containing 5.0 mg/ml human serum albumin. The motile spermatozoa were collected by a standard swim-up technique and resuspended in SWM (2 × 10 7 spermatozoa/ml). Cryopreserved/thawed human oocytes were washed with PBS containing 0.1 % BSA to remove the cryoprotectants. Human oocytes were processed as described previously [28] . Rat serum and monkey serum IgG were isolated using Nab TM Protein G spin chromatography kit (Pierce, Rockford, IL, U.S.A.) according to the manufacturer's instructions. The protein concentration was measured by reading absorbance at 280 nm. Binding assays were performed using swim-up spermatozoa pretreated with 100 µg/ml of IgG from rat or monkey anti-SPAG9 antibodies (serum dilution equivalent to 1:6400) for 15 min at 37
• C in 5% CO 2 in air. Preimmune IgG (100 µg/ml) was used as negative control. After spermatozoa/antibody incubation, oocytes were added directly to the spermatozoa suspension and the gametes were co-incubated for 3 h at 37
• C in 5% CO 2 in air. After gamete coincubation, the oocytes were washed with fresh Biggers-WhittenWhittingham medium supplemented with 3 mg/ml BSA to remove the loosely bound spermatozoa to the zona pellucida by repeated pipetting. More than 50 % of the spermatozoa were freely swimming at the end of the experiment. The number of spermatozoa tightly bound to the zona pellucida was counted using inverted microscope equipped with Hoffman modulation (TE 300, Nikon).
Human hemizona binding assay
The hemizona assay was performed as described previously [28] . Briefly, a human spermatozoa suspension pretreated with IgG from preimmune serum or with IgG from anti-SPAG9 antibodies was introduced in MHZ (matched hemizona). After co-incubation, an HZI (hemizona index) was calculated by counting the number of spermatozoa adhering to the MHZ in test group divided by number of spermatozoa adhering in control MHZ under a phase-contrast microscope [HZI = (number of spermatozoa adhering in test serum/number of bound spermatozoa in control serum) × 100].
Chromosomal mapping
Chromosome localization was performed using SPAG9-cDNA labelled with biotin-16-dUTP (Boehringer Mannheim, Mannheim, Germany) by nick translation as described previously [29] .
Southern hybridization
Genomic DNA was isolated from human blood with QIAmp DNA blood maxiprep kit (Qiagen). Each 10 µg DNA was digested with various restriction enzymes, electrophoresed on a 1 % agarose gel and transferred on to Hybond-N nylon membranes (Amersham Biosciences). The blots were analysed using radiolabelled [α-
32 P]-dCTP (3000 Ci/mmol; Amersham Biosciences) probe of the 5 -end of SPAG9 EcoRI/Hind III fragment (691 bp), full-length SPAG9 cDNA (2523 bp) and 3 -end of SPAG9 fragment (320 bp cloned in SacI/XhoI).
RESULTS
Domain structure of SPAG9
Running the algorithms provided in Simple modular architecture tool on the ExPASy server revealed several features: (1) a characteristic leucine zipper motif; (2) an extended coiled-coil domain (coil) and (3) a transmembrane domain ( Figure 1A ). Structural homology analysis with JIP proteins showed the presence of signature domains of JIP1, JIP2 and JIP3 ( Figure 1B ). Recent GenBank ® database search indicated two entries describing sequence homology to SPAG9. A cDNA (GenBank ® accession number AB028989) encodes a predicted protein that has similarity to the C-terminal region and may represent a fragment of human JIP3. A second partial human cDNA (GenBank ® accession number AB011088) also encodes a protein with similarity to the C-terminus of SPAG9 but this protein is the product of a distinct gene [30] and may be a related member of the JIP3 group (JIP3β). GenBank ® database searches also showed 100 % homology with human protein highly expressed in testis [31] , 94 % homology with macaque SPAG9 [15] , 92.2 % with baboon SPAG9 [16] , 50 % with Mus musculus JIP3/JNK/JSAP1 (JSAP1 stands for stress-activated protein kinase-associated protein 1) [21] , 36 % with Drosophila melanogaster-Jun/SAPK (stress-activated protein kinase) Sunday driver 1 [32] and 30 % with Caenorhabditis elegans coiled-coil protein [33] . The sequence homology suggests that the SPAG9 gene is conserved through evolution.
SPAG9 specifically interacts with JNK and not with other mammalian MAPKs
The amino acid sequence analysis of SPAG9 revealed the primary sequence identity with JBD of JIP. Alignment of the JBD of JIP1, JIP2, JIP3 and SPAG9 exhibited significant sequence identity ( Figure 1C ). Therefore it was of interest to determine whether SPAG9 could also interact with MAPKs in a similar manner. The binding specificity of SPAG9 with various MAPKs was performed in co-transfection experiments ( Figure 1D ). We transiently expressed Myc-His-tagged full-length SPAG9 or SPAG9 LZ T with FLAG epitope-tagged JNK1, JNK2, JNK3, ERK2 or p38α in COS-1 cells. The His-tagged proteins were recovered from the cell extracts by affinity binding with anti-SPAG9 antibodies and precipitates were examined for the presence of the MAPKs by immunoblotting with an anti-FLAG antibody. JNK1, JNK2 and JNK3 interacted with SPAG9, although no or very low binding of p38α or ERK2 was observed. JNK3 and JNK2 showed higher binding affinity to SPAG9 compared with JNK1. However, the SPAG9 LZ T construct lacking JBD did not show any interaction with the JNK pathway ( Figure 1E ), suggesting that the JBD of SPAG9 is involved in JNK interaction. Table 1 at http:// www.BiochemJ.org/bj/389/bj3890073add.htm) revealed that all the splice sites observed the GT-AG paradigm. The exon sequence length varied from 39 to 333 bp. A homology search on the NCBI database revealed that a nucleotide sequence of SPAG9 was assigned in the UniGene cluster Hs. 129872. This gene cluster is shown to be encoded by chromosome 17q21, which supports our chromosomal localization.
Characterization of the recombinant SPAG9
Affinity-purified recombinant SPAG9 expressed in E. coli revealed a major band at approx. 170 kDa in an SDS/PAGE (10 % polyacrylamide) under reduced conditions ( Figure 3A, lane 1) . Since the deduced molecular mass of SPAG9 is 83.9 kDa, the approx. 170 kDa molecular mass is apparently due to the dimerization of the protein. To find if the protein would run as a monomer in the presence of urea, we performed a urea/PAGE. However, as shown in Figure 3(B, lane 1) , the protein showed an apparent mobility of 170 kDa even in urea/PAGE. In immunoblot analysis, the antibodies to recombinant SPAG9 specifically recognized the recombinant protein, showing a single band of approx. 170 kDa ( Figure 3A , lane 2, Figure 3B , lane 2 urea/PAGE). The preimmune serum did not recognize the recombinant SPAG9 ( Figure 3A , lane 3). In the Triton X-100 solubilized HSE, the anti-SPAG9 antibodies recognized native protein of approx. 170 kDa in the Western-blot procedure ( Figure 3A, lane 4) . The specific band was not recognized by the preimmune serum ( Figure 3A, lane 5) . Competition experiment was performed by including recombinant SPAG9 in the incubation with the primary antibody, which resulted in loss of immunoreactivity with native SPAG9 in HSE ( Figure 3A, lane 6 ). The affinity-purified SPAG9 ( Figure 3A , lane 1) was subjected to MS analysis. The monoisotopic mass of 83.788 kDa is very close to the deduced value of 83.9 kDa for SPAG9. Furthermore, MS sequence analysis of 17 different internal peptide regions encompassing 214 amino acids ( Figure 3B ) reconfirmed the protein sequence reported earlier (NCBI accession number gi/4504525/CAA, 83.9 kDa, pI 4.94, SPAG9). Proper folding and secondary structure of SPAG9 protein was investigated by the CD spectrum analysis. The CD spectra exhibited minima at 220 and 208 nm, which is characteristic of an α-helical confirmation ( Figure 3C ). The helical content calculated from CD spectra was found to be 40.2 %, which was in agreement with the theoretical predictions of 41.38 % [34, 35] .
Localization of SPAG9 in human spermatozoa
Immunofluorescence studies on fixed human swim-up spermatozoa with anti-SPAG9 antibodies revealed a selective localization of SPAG9 to the acrosomal compartment of the sperm head (Figure 4A) . The preimmune or neutralized serum failed to show any reactivity with any region of the spermatozoa ( Figure 4C) . A direct evidence of the site of localization was provided at ultra structural level by electron microscopy. The studies on intact spermatozoa demonstrated that the SPAG9 protein was associated with the plasma membrane, the outer and inner acrosomal membranes, although some of the gold particles were also seen in the acrosome matrix ( Figure 4E ). In all instances, the preimmune serum showed background levels of immunoreactivity (results not shown).
In immunofluorescence studies on human spermatozoa after stimulation with calcium ionophore A23187, which induced the acrosome reaction in a high percentage of live spermatozoa, anti-SPAG9 antibodies stained mainly on the equatorial segment of the central region of the sperm head ( Figure 5A ). Localization of the equatorial region was further confirmed at ultrastructural level by electron microscopy, which revealed that the SPAG9 protein was mainly localized at the equatorial region of the acrosomal compartment, although a few gold particles were also seen on the inner acrosome membrane ( Figure 5B) . In all instances, the preimmune serum showed background levels of immunoreactivity (results not shown).
Expression of SPAG9 protein in mammalian cells
We investigated the role of the predicted leucine zipper and transmembrane domain of SPAG9 by transfection studies in COS-1 cells. Fluorescence-activated cell-sorter analysis of COS-1 cells transfected with SPAG9 having leucine zipper and transmembrane domain revealed a surface localization for SPAG9 ( Figure 6A ). Peak 2 shows displacement of fluorescence on the x-axis representing surface binding of anti-SPAG9 antibodies when compared with peak 1 in vector alone ( Figure 6A ). However, no or very low surface distribution shown as displacement of fluorescence on x-axis for both SPAG9 T and SPAG9 LZ T was observed ( Figures 6B and 6C , reactivity with anti-SPAG9 antibodies for surface localization, peak 1: pcDNA vector alone; peak 2: pcDNA-SPAG9 T or SPAG9 LZ T), suggesting that leucine zipper and transmembrane domains are required for secretion and proper anchoring. In addition, the surface and cellular location of the expressed SPAG9 and its deleted mutants were determined employing indirect immunofluorscence microscopy ( Figures 6D-6I ). Approx. 2 days post-transfection, COS-1 cells were stained with rat anti-SPAG9 antibodies. When live cells were stained (no fixation/permeabilization step), cell surface localization of SPAG9 in COS-1 transfectants was detected ( Figure 6D ), whereas there was no detectable cell surface staining in COS-1 SPAG9 T (Figure 6F ) or COS-1 SPAG9 LZ T ( Figure 6H ) transfectants, suggesting a role for the leucine zipper and transmembrane domain in surface localization. There was no visible staining of COS-1 cells transfected with vector alone (results not shown). For intracellular localization, COS-1 transfectants were fixed, permeabilized and immunostained with rat anti-SPAG9 antibodies. As expected, cytoplasmic localization of SPAG9 protein in COS-1 cells transfected with SPAG9 (Figure 6E ), SPAG9 T ( Figure 6G ) and SPAG9 LZ T ( Figure 6H ) was observed. No staining was detected with pcDNA vector alone (results not shown). Immunoblotting analysis further confirmed the pattern of expression in all three constructs ( Figure 6J ). In cells transfected with SPAG9 ( Figure 6J , lane 1) and SPAG9 LZ T ( Figure 6J, lane 6) , the protein was detected only in the cell lysates and not in the medium. However, in cells transfected with SPAG9 T (Figure 6J, lanes 3, 4) , the protein was detected in the medium as well as in the cell lysates suggesting the potential role for the leucine zipper in directing the protein to the surface and transmembrane domain for anchoring the protein. In addition, the deduced amino acid sequence of SPAG9 predicted a molecular mass of 83.9 kDa, whereas immunoblotting analysis revealed that it runs at an anomalous position corresponding to approx. 170 kDa. However, SPAG9 LZ T, which lacks JBD, leucine zipper and the transmembrane domain revealed immunoreactivity with a protein band of approx. 43 kDa in immunoblotting, which is in agreement with the deduced mass of 42.5 kDa. In addition, SPAG9 T, which lacks a transmembrane domain revealed immunoreactivity with a protein band of apparent molecular mass of approx. 140 kDa in immunoblotting as against the deduced mass of 72.7 kDa. These deletion experiments indicated that the N-terminal region (residues 1-275) of SPAG9 was involved in the anomalous migration of SPAG9/SPAG9 T in SDS/PAGE.
Role of SPAG9 in human spermatozoa-oocyte interaction
Inhibition of spermatozoa attachment and tight binding with intact oocytes was observed in spermatozoa treated with IgG from anti-SPAG9 antibodies from rat (100 % inhibition) and macaque (98 % inhibition) [ Figures 7B and 7D . In MHZ assays, spermatozoa treated with IgG from anti-SPAG9 antibody from rat (90 % inhibition) and macaque (88 % inhibition) also revealed decrease in spermatozoa attachment and tight binding [ Figure 7F , Table 1 (ii)] as compared with spermatozoa treated with IgG from preimmune serum [ Figure 7E , Table 1 (ii)]. 
DISCUSSION
In mammals, fertilization is completed by the direct interaction of spermatozoa and eggs, a process mediated primarily by gamete surface proteins. A two-step model for the spermatozoa-egg interaction has been proposed. The first step is based on plasma membrane interactions, the second step on introduction of spermatozoa factor(s) into the egg cytoplasm [36] . On the basis of the model, it is probable that both physiological processes may be involved in fertilization. On following the acrosome reaction further, the equatorial region is known to come directly in contact with the egg, leading to the later events of egg penetration. Our findings indicated that the SPAG9 acrosomal molecule is not only restricted to acrosomal compartment but also persists in the equatorial segment of the post-acrosome reaction. Such maturation-associated modifications are considered to be important for spermatozoa-egg interaction.
We have identified a spermatozoa-specific SPAG9 protein, classified as JIP4 [19] which is structurally related to JIP3. The members of JIP3 group include the JIP3a and JIP3b proteins, which appear to represent the protein products of alternatively spliced transcripts derived from the JIP3 gene. The other JIP3 group of proteins includes JIP3β [18] , which is also structurally related to JIP3 [17, 30] . Both JIP3 and JIP3β [30] are expressed in the brain, whereas SPAG9 (JIP4) was shown to be expressed in the testis [15] [16] [17] 31] . Although many JIP proteins are related in structure and/or function, the genes that encode these proteins are not closely linked in the genome. The human JIP1 and JIP2, which are related in function, are located on the human chromosome 11(11p 11.2-p12, 12 exons) and human chromosome 22 (22q13, 12 exons) respectively [37, 38] , whereas the human JIP3 gene is located on the human chromosome 16 (16p13.3, 30 exons). In contrast, the SPAG9 gene maps on to human chromosome 17 (17q21.33) and contains 19 exons, which has synteny with mouse chromosome 11-band C.
Co-transfection studies in COS-1 cells indicated that SPAG9 exhibits different binding affinities with a variety of mammalian MAPKs. Thus SPAG9 co-precipitated with JNK1, JNK2 and JNK3 but not with ERK2 or p38α MAPKs. JNK3 and JNK2 showed higher binding affinity to SPAG9 compared with JNK1. These binding interactions are similar to those of JIP1, JIP2 and JIP3, which also bind JNK [18, 21, 22] . Furthermore, a SPAG9 mutant lacking JBD failed to interact with the JNK pathway. These results are in agreement with recent reports of JIP3/JSAP1 [22] that demonstrated a direct interaction between the JNK binding region and the JNK pathway. Since SPAG9 and JIP3 exhibited identical amino acid sequences in the JNK binding region, it is not surprising that both these proteins showed similar binding interactions with JNK [22] .
Experimental evidences have shown that JIP proteins can form oligomeric complexes, which may be dimers or higher order aggregates. It is probable that the coiled-coil nature of JIP proteins makes them assemble as multimeric complexes for specific functions [23] . Sequence analysis of SPAG9 showed two coiled-coil structures with an embedded leucine zipper motif. The leucine residues have a special function in leucine zipper dimerization and form the interface between the two α-helices in a coiled-coil structure. Far-UV CD spectrometry analysis supported this observation and revealed a predominant α-helical structure of SPAG9 (40.2 %) that is in agreement with predictions from secondary structure analysis (41.38 %) [34, 35] . Our deletion analysis indicated that the N-terminal region (residues 1-275) of SPAG9, which included an extended coiled-coil and leucine zipper domain, was sufficient for aggregation of the SPAG9 molecules ( Figure 6J ). Further, we showed that both the expressed recombinant SPAG9 and native SPAG9 in HSE form aggregates, as they migrate with an apparent molecular mass of approx. 170 kDa on SDS/PAGE. It may be further noted that the apparent mobility of this protein remains invariant at approx. 170 kDa under both reducing and non-reducing conditions in SDS/PAGE (10 % polyacrylamide). Anomalous retardation seen in SDS/PAGE is probably either due to extreme anomaly in the shape of the monomer or a consequence of the strong aggregation tendency of the monomers under the condition of electrophoresis. It appears that the anomalous migration of SPAG9 may not be dependent on disulphide bonds but may rather have its origins in strong hydrophobic interactions including the leucine zipper, the transmembrane domain and the coiled coils, which are the hallmarks of this protein. This is corroborated by the fact that SPAG9 LZ T, which lacks JBD, leucine zipper and transmembrane domains runs on SDS/PAGE (10 % polyacrylamide) gel true to its molecular mass. The anomalous mobility persists even in 8 M urea gel, where it shows an apparent mobility of approx. 170 kDa. The observation of a dominant band at 170 kDa in PAGE and the observation of a single peak at approx. 84 kDa in mass spectral analysis suggests that aggregation may be solvent-driven and may not occur under the MS conditions. The high-order aggregates of SPAG9 may be significant, since similar complexes have been detected for other members of the family of scaffold proteins, including JIP1 [20] , JIP2 [21] and JIP3 [22] . Thus it is quite probable that the SPAG9 may be involved in the JNK pathway.
To investigate the function of the leucine zipper and transmembrane domains for proper localization of SPAG9, we constructed deletion mutants of SPAG9, namely SPAG9 LZ T and SPAG9 T and examined the involvement of leucine zipper and transmembrane domain in cellular localization by transfected COS-1 cells (which do not express endogenous JIP1, JIP2 and JIP3). Indirect immunofluorescence studies in live COS-1 cells transfected with SPAG9 demonstrated the surface localization of SPAG9 protein whereas, no surface localization was observed for both SPAG9 T and SPAG9 LZ T. This observation was further strengthened by flow cytometric analysis, which revealed a distinct surface localization for SPAG9 and no or very low surface distribution for both SPAG9 T and SPAG9 LZ T, supporting the hypothesis that the leucine zipper domain and transmembrane segment are involved in proper localization of SPAG9. However, for the deletion mutant SPAG9 T having a leucine zipper but no transmembrane domain, the protein was secreted and was detected in a medium supporting the role of leucine zipper in the secretion of protein. A similar observation was reported in Chinese-hamster ovary cells and in a yeast expression system, using leucine zipper motifs as a replacement of the hydrophobic transmembrane region, which allowed the assembly and secretion of recombinant HLA-DR2 molecules (where HLA stands for human histocompatibility leucocyte antigen) [39] . Although SPAG9 lacks a signal sequence, it was found to be anchored and secreted. In this context, basic fibroblast growth factor-2 [40] and pro-inflammatory cytokine interleukin-1β [41] are also shown to be secreted even though they lack a signal peptide. In recent studies, highly enriched spermatozoa membrane proteins (plasmalemma and inner and outer acrosomal membranes) were separated by a two-dimensional electrophoresis technique and were identified using matrix-assisted laser desorption ionization-MS and peptide mapping. In support of our investigation, this study also found that SPAG9 was associated with enriched spermatozoa membrane proteins [42] . Thus our studies demonstrate that the leucine zipper domain and the transmembrane segment are involved in transport and membrane anchoring respectively. These results are also in agreement with a report that demonstrates a direct interaction between the N-terminal half of JIP3 [32] and suggested that JIP3 is a transmembrane protein that provides a direct link between kinesin and the membrane.
Immunofluorescence and electron microscopic studies of ejaculated spermatozoa showed that SPAG9 is specifically located in the acrosome and hence is an acrosomal molecule. However, indirect immunofluorescence study in acrosome-reacted sperms showed the presence of SPAG9 exclusively in the equatorial region of the sperm head. In addition, SPAG9 was also shown to be associated with the inner acrosomal membrane in acrosomereacted spermatozoa in the electron microscopic study. A possible explanation for this localization is that during the acrosome reaction, remodelling and rearrangement of spermatozoa protein takes place. It is quite probable that some of the SPAG9 protein seen in the inner acrosomal membrane may be the residue of such a rearrangement process. The human in vitro spermatozoa-egg binding and hemizona binding assays demonstrated that the antibody raised against SPAG9 inhibited binding of the spermatozoa with zona pellucida, which suggested that SPAG9 may have a role in spermatozoa adherence and/or in the subsequent fertilization process. Since human studies involving oocytes for spermatozoa penetration assay have ethical problems, the zona-free hamster egg penetration assays were performed using anti-SPAG9 antibodies. A significant inhibition (96.5 %, P < 0.0001) of human spermatozoa penetration was observed in zona-free hamster egg assay [46] . Considering the high concentrations of SPAG9 in the anterior acrosome and its equatorial localization, it was not surprising to get such a high inhibition of spermatozoa binding. It is appropriate to add here that an SAMP14 (sperm acrosomal membrane protein 14) [43] , which has an equatorial distribution post-acrosome reaction, has also been shown to be involved in spermatozoa-egg interactions.
Although a few potential candidate binding partners for spermatozoa-egg interactions have been described, the precise roles of these molecules have not been established [44, 45] . Hence, the identification of such molecules that participate in gamete interactions, particularly those retained after the remodelling events of acrosomal exocytosis, could greatly enhance the understanding of this process. SPAG9 is an attractive addition to this group. Finally, the results obtained in the present study pose the question: what could be the requirement for the regulation of MAP kinase signalling and for the MAP kinase pathway in the haploid germ cell? For much of spermiogenesis, spermatids and spermatozoa are transcriptionally inactive as a consequence of nuclear condensation; yet the SPAG9 protein persists and is incorporated into spermatozoa. As a JIP family member, SPAG9 merits further evaluation as a JNK scaffolding protein in the upstream of MAPKs module that is retained on the equatorial compartment after acrosomal exocytosis. Therefore SPAG9 protein, in addition to mediating adherence, may also be involved in transducing signals during the gamete fusion, which needs to be addressed in future studies.
